Albariño and Loureira are highly valuable white grape cultivars from the Northwest Iberian Peninsula (Northwest Spain and Northern Portugal). The purpose of this study was to determine how blending affects the volatile composition of Albariño and Loureira white wines. Four Vitis vinifera white wines (Albariño, Loureira, Caiño Blanco and Godello) were blended at different proportions, resulting in four winestwo two-wine blends (83:17 Albariño-Caiño Blanco and 50:50 Loureira-Caiño Blanco) and two threewine blends (48:32:20 Albariño-Loureira-Caiño Blanco and 35:35:30 Loureira-Caiño Blanco-Godello). The blended wines were compared with Albariño and Loureira single wines. The volatile composition of the wines was evaluated using gas chromatography-mass spectrometry to identify changes in the aroma compounds of the blends with respect to the Albariño and Loureira varietal wines. The Loureira and Albariño single wines had the highest concentrations of volatiles. However, the blended wines, especially those with Loureira, showed increases in terpenes and C 13 -norisoprenoids. Discriminant analysis showed that C 6 -alcohols and phenol volatiles were the variables that contributed the most to the differences between Albariño and the blended wines, whereas terpenes and C 13 -norisoprenoids made the greatest contributions to the differences between Loureira and the blended wines. The odour activity value was calculated to analyse the sensory influence of the volatiles, and this showed the superiority of the Loureira single wine aroma and the 50:50 Loureira-Caiño Blanco blended wines vs. Albariño and the other blended wines. The blended wines with a high proportion of Loureira appeared to be richer in volatile compounds, which increased the complexity of the wines' aroma.
INTRODUCTION
Blending wines is a common practice in red wine production; however, white wines have always been valued more as monovarietals. In recent years there has been a tendency to seek new products from the blending of white wines to achieve greater complexity. Aroma compounds play an important role in the quality and complexity of wine, because these compounds produce an effect on sensory perception (Francis & Newton, 2005) . The most important wine volatile compounds include those from different families, such as alcohols, C 6 -compounds, terpenes, C 13 -norisoprenoids, volatile fatty acids, ethyl esters, acetates, phenol volatiles and other compounds. The concentration of volatile compounds in a wine depends of the grape cultivar, the terroir conditions and winemaking techniques (Vilanova et al., 2007; Herderich et al., 2015) . Blending of wines is an ancient technique used in wine-growing regions. Wines are blended for several reasons, including increasing complexity, maintaining a consistent character and quality, and developing winery-typical wines (Hopfer et al., 2012) .
The Northwest Iberian Peninsula specialises in the production of white wines. Galicia (Northwest Spain) and North Portugal have established monovarietal and blended wines from different aromatic white cultivars, such as Albariño, Loureira, Godello and Caiño Blanco, with Albariño being the most widely grown cultivar. Recently, Albariño has become an important cultivar in other countries in Europe, the United States and Australia.
There have been several studies on the volatile composition and sensory characteristics of white grape cultivars, musts and wines from different geographical areas in Galicia and Portugal. These works include those on Albariño (Versini et al., 1994; Carballeira et al., 2001; Vilanova & Masneuf-Pomarède, 2005; Vilanova & Vilariño, 2006; Vilanova et al., 2007; 2010) , Loureira (Versini et al., 1994; Oliveira et al., 2004; , and Godello (Versini et al., 1994; Vilanova, 2006; Losada et al., 2011) . However, how blending affects the volatile composition of these white wines has not yet been studied.
In this study, compounds responsible for the varietal and fermentative aromas (terpenes, C 13 -norisoprenoids, alcohols, C 6 -alcohols, ethyl esters, acetates, volatile fatty acids, phenol volatiles and other compounds) of Albariño and Loureira single wines and blends with Caiño Blanco and Godello white wines were studied. The aim of this work was to determine if different two-wine blends (Albariño-Caiño Blanco, Loureira-Caiño Blanco) and three-wine blends (Albariño-Loureira-Caiño Blanco, Albariño-Caiño Blanco-Godello), as complementary wines for Albariño and Loureira, produce significant changes in the wines' aroma. In this study, individual volatile compounds and odour activity values (OAVs) were determined in the wines.
MATERIALS AND METHODS

Wine samples and blending
Four Vitis vinifera white grape cultivars (Albariño, Loureira, Caiño Blanco and Godello), grown in a vineyard from the Galicia region (Northwest Spain), were harvested at their optimal ripeness (22 to 23ºBrix). The monovarietal wines were produced in the Santiago Ruiz winery (AOC Rías Baixas, Northwest Spain), as follows: after pressing, the musts were placed into 15 000 L stainless steel tanks. Before fermentation, sulphur dioxide (120 mg/L) was added to the musts. All fermentations were conducted using the same Saccharomyces cerevisiae commercial yeast at 18°C. After fermentation, the wines were blended at different proportions, resulting in six wines (Table 1) :
• Two single wines: 100% Albariño (AL) and 100% Loureira (LO),
• Two two-wine blends: 83% Albariño and 17% Caiño Blanco (83:17 AL-CB), and 50% Loureira and 50% Caiño Blanco (50:50 LO-CB), and
• Two three-wine blends: 48% Albariño, 32% Loureira and 20% Caiño Blanco (48:32:20 AL-LO-CB), and 35% Loureira, 35% Caiño Blanco and 30% Godello (35:35:30 LO-CB-GO).
One month after blending, three samples of each wine were transferred to 500 mL bottles for analysis.
Classical parameters
The wines were analysed according to the methods of the International Organisation of Vine and Wine (OIV). A wine sample of 125 mL was used to determine the alcohol content, titratable acidity and pH. For each parameter, all analyses were performed in triplicate 30 days after blending.
Extraction and chromatographic analysis of wine volatiles
Wine volatile compounds were analysed by GC-MS according to the method proposed by Oliveira et al. (2006) .
To a 10 mL culture tube, 8 mL of wine, 2.4 μg of internal standard 4-nonanol (Merck 818 773, Darmstadt, Germany) and a magnetic stir bar (22.2 mm × 4.8 mm) were added. Extraction was performed by stirring the sample with 400 μL of dichloromethane (Merck 1.06054) for 15 min. After cooling at 0°C for 10 min, the magnetic stir bar was removed and the organic phase was obtained by centrifugation (2 Separation was performed using a gas chromatograph (Agilent GC 6890 N, CA, USA) equipped with a mass spectrometer detector (Agilent MS 5975C, CA, USA).
A 3 μL injection was made into a capillary column coated with ZP-Wax 52 CB (50 m x 0.25 mm i.d., 0.25 μm film thickness, Phenomenex). The injector temperature was 250°C and the detector temperature was 280°C. The oven temperature was maintained at 50°C for 5 min, and then programmed to rise from 50 to 220°C at 3°C/min, and finally from 220 to 250°C at 5°C/min. The carrier gas was helium 55 (Air Liquide, Maia, Portugal) at 103 kPa, and the split vent was set to 13 mL/min. Each 3 μL extract was injected in splitless mode (for 15 s). Identification was performed using Wsearch 32 1.6 free software (http://www.wsearch.com.au) by comparing the mass spectra and retention indices with those of pure standard compounds. All of the compounds were quantified as 4-nonanol equivalents.
Odour activity value
The OAV, which is an indicator of the importance of a specific compound to the odour of a sample, was determined to evaluate the contribution of each chemical compound to the sensory perception of the wine. It was calculated as the ratio between the concentration of an individual compound and the perception threshold found in the literature (Etievant, 1991; Guth, 1997; Ferreira et al., 2000; Lopez et al., 2002; Escudero et al., 2007; Ferreira et al., 2009 ).
Statistical analysis
Data were analysed using XLstat-Pro (2007 Version, Addinsoft, Paris, France). Significant differences among wines for each of the parameters analysed were assessed using one-way analysis (ANOVA). Fisher's least significant difference (LSD) means comparison test (p < 0.05) was performed. Discriminant analyses (DA) were performed to establish the relationship between the parameter analysed and the type of single or blended wine.
RESULTS AND DISCUSSION
Total volatile composition of the wines
The chemical parameters of the wines are shown in Table 2 . The pH values of the wines were between 3.26 and 3.45, and the titratable acidity values were between 7.05 and 8.25 g/L. The alcohol contents were between 12.53% (v/v) for AL-LO-CB and 13.10% (v/v) for LO-CB. Albariño and Loureira single wines showed alcohol contents of 13.82% (v/v) and 12.75% (v/v) respectively. and 35:35:30 LO-CB-GO) compared with Loureira. This decrease in total volatile concentrations for the blended wines vs. the single wines was independent of the proportion of each wine cultivar and could be attributed to a dilution effect. Table 3 presents the volatile concentrations (expressed as μg/L) quantified in the single and blended wines arranged into six chemical families (alcohols, C 6 -compounds, ethyl esters, terpenes-norisoprenoids, volatile acids and phenol volatiles). Fisher's LSD of the mean scores for all families of volatile compounds was calculated to compare the volatile composition of the single vs. the blended wines (Table 3 ). The highest concentration of all families of volatile compounds was exhibited for Loureira wines, except for phenol volatiles and volatile fatty acids, for which the blended wines 50:50 LO-CB and 48:32:20 AL-LO-CB showed the highest concentrations respectively. The superiority of the total volatile composition of Loureira wines vs. other Galician white wines, such as Albariño, Treixadura, Blanco lexítimo and Torrontés, has been demonstrated previously (Vilanova et al., 2013) . The study by Vilanova et al. (2013) also showed no significant differences in volatile acids between Albariño and Loureira wines; however, Albariño wine had a higher phenol volatile content than the Loureira wine. Oliveira et al. (2008) showed that wines from the two cultivars, Albariño and Loureira, had a similar composition of volatiles. However, Loureira wine was richer in varietal compounds compared to Albariño wine with respect to C 6 -compounds and monoterpenic compounds, in contrast to the volatile phenols (Oliveira et al., 2008) .
When the comparison was performed among Albariño single wine vs. blended wines (83:17 AL-CB and 48:32:20 AL-LO-CA), Fisher's LSD analysis showed significant differences (p < 0.05) for all volatile families, with the exception of the ethyl esters (Table 3) . Albariño wine only showed the highest values for alcohols; however, the blended wine 83:17 AL-CB showed the highest concentration of C 6 -compounds and phenol volatiles. Blend 48:32:20 AL-LO-CB had the highest concentrations of volatile fatty acids and terpenes + C 13 -norisoprenoids.
By contrast, when the comparison was carried out among single Loureira wine vs. blended wines (48:32:20 AL-LO-CB, 83:17 LO-CB and 35:35:30 LO-CB-GO), the results showed the superiority of Loureira single wines vs. blended wines for all families, except for the phenol volatiles, for which 50:50 LO-CB showed the highest content (Table 3) . Godello wines were characterised by the lowest values of monoterpenes when compared with Albariño and Loureira wines (Versini et al., 1994) . Table 4 .
Major and minor volatile compounds
Alcohols
This was the most prevalent group of volatile compounds, with a total of nine compounds quantified, among which 4-methyl-2-pentanol and 2-phenylethanol were the most abundant alcohols in all wines (Table 4) . Loureira wines showed the highest concentration of all alcohols, except for 1-butanol. Similar results were found for Loureira wines by Vilanova et al. (2013) Vilanova et al. (2013) showed that Loureira wines had a higher 2-ethyl methylbutanoate content compared to other white wines from Galicia, such as Albariño, Treixadura, Blanco lexítimo and Torrontés.
C 6 -compounds
This group was represented by three compounds (Table 4) . Loureira monovarietal wines had the highest concentration of all three compounds; however, the blended wine with Loureira (48:32:20 AL-LO-CB) showed only an increase in E-3-hexen-ol vs. the Albariño wine. When the comparison was made between Loureira single wine and blended wines (48:32:20 AL-LO-CB, 83:17 LO-CB and 35:35:30 LO-CB-GO), the decreases in the contents of C 6 -compounds in the blended wines indicated a dilution effect. Rapp et al. (1993) showed that the contents of E-3-hexenol and its isomer Z-3-hexenol are the most important analytical parameters to discriminate monovarietal wines of Riesling, Müller-Thurgau, Kerner, Scheurebe, Ehrenfelser and Bacchus. Oliveira et al. (2006) concluded that the E-3-hexenol/Z-3-hexenol ratio could discriminate Loureiro clearly from Alvarinho wines from Northern Portugal.
Volatile fatty acids
Seven compounds in this group were identified and quantified (Table 4) In a previous study, only 3-methylbutyric and decanoic acids showed significant differences among the white wines from Galicia, and were present at higher concentrations in Loureira, Treixadura and Blanco lexítimo wines vs. Albariño and Torrontés white wines (Vilanova et al., 2013) . Among terpenes and C 13 -norisoprenoids, only linalool showed significant differences among the wines, with Loureira single wine showing the highest concentration (Table 4) . Therefore, the blended wine with Loureira (48:32:20 AL-LO-CB) had an increased linalool content compared with the Albariño monovarietal wine. Vilanova et al. (2013) showed that Loureira and Albariño wines had similar volatile compositions. However, regarding varietal compounds, Loureira wines were richer in monoterpene compounds compared with Albariño wines (Genisheva & Oliveira 2009; Vilanova et al., 2013) . Other studies have indicated that Loureira can be classified among the monoterpene-dependent aromatic varieties, and that Loureira and Albariño varieties have an important reserve of volatile compounds that can be exploited technologically (Oliveira et al., 2000) . Monoterpenes are the source of floral and fruity characteristics of wines made from grape varieties such Muscat and Gewürztraminer, and to a lesser extent those made from Riesling, Albariño and Loureiro (Wilson et al., 1986; Versini et al., 1994; Muñoz-Organero et al., 1998; Bureau et al., 2000; Oliveira et al., 2008) . Oliveira et al. (2008) concluded that terpenols seem to be more important in Loureiro wines and the C 13 -norisoprenoids are more important in Albariño wines. Because of their high concentrations and low aroma thresholds, terpenes and C 13 -norisoprenoids are the principal components responsible for the characteristic aroma of a wine (Carballeira et al., 2001) .
Phenol volatiles were represented by only one compound (4-vinylguaiacol), for which the blended wines 83:17 AL-CB and 50:50 LO-CB exhibited higher concentrations than the Albariño and Loureira single wines respectively (Table 4) . Therefore, blending Caiño Blanco (CB) with Loureira (LO) and Albariño (AL) induced an increase in 4-vinylguaiacol. In other studies, no significant differences were shown between Albariño and Loureira wines for 4-vinylguaiacol (Vilanova et al., 2013) .
Odour activity value (OAV)
To assess the influence of each single volatile compound on the sensory perception of the wines, the OAV was calculated as the ratio between the concentration of the compound and its odour threshold. The results in Table 5 show that, among the 32 compounds analysed, only 17 reached a concentration above the odour threshold (OAV > 1) in at least one wine. Thirteen volatile compounds were found above the threshold in all samples. Loureira single wine and 50:50 LO-CB blended wine exhibited the highest total OAVs. For all wines, the highest OAV was exhibited by β-damascenone (apple aroma), which was highest in the blend LO-CB (OAV = 1 710.48). Ethyl hexanoate (green apple), ethyl octanoate (apple) and 3-methyl butyl acetate (banana) also exhibited high OAVs for all wines, where the highest values were exhibited by Albariño single wine (3-methylbutyl acetate) and Loureira single wine (ethyl hexanoate and octanoate). Loureira exhibited the highest OAV for linalool (3.84). Linalool contributes to the fruity and floral aroma of wines, with an odour threshold of 25 mg/L (Ribéreau- Gayon et al., 2000; Escudero et al., 2004) . Falqué et al. (2001) showed the OAVs of Galician white grape varieties, where they concluded that a high level of OAV of Linalool in Loureira could explain the floral and flavour descriptors of this cultivar. Other study showed linalool as the only terpene with OAV > 1, where Loureira showed the highest values (Vilanova et al., 2013) . In agreement with Vilanova et al. (2013) , 2-phenylethanol also showed the highest OAV for Loureira.
Discriminant analysis (DA)
Two DAs were used to discriminate the single wines from the blended wines on the basis of their volatile composition (Fig. 2) . The first DA (Fig. 2a) shows the discriminant analyses of Albariño single wine and the blended wines in terms of volatile compound families, where the wines were clearly separated by two canonical discriminating functions. The first function separated single-wine Albariño from the blended wines (Albariño-Loureira-Caiño Blanco and Albariño-Caiño Blanco), explaining 99.78% of the variance. The second function explained 100% of the accumulated variance. The second DA (Fig. 2b) shows the discriminant analysis of Loureira single wine and the blended wines in terms of the concentrations of volatile compounds, where the Loureira single wine and blended wines (Loureira-Caiño Blanco, Albariño-Loureira-Caiño Blanco and LoureiraCaiño Blanco-Godello) were clearly separated by the two canonical discriminating functions. The first function explained 80.91% and the second explained 100% of the accumulated variance.
In both discriminant analyses, a good separation was observed between the single and blended wines. When DA was carried out for single-wine Albariño and the blends, C 6 -alcohols and phenol volatiles were the variables that contributed most to this differentiation, whereas terpenes and C 13 -norisoprenoids were the variables that contributed to the differentiation between Loureira single wine and the blended wines.
The proportion of the wine used in the blended wines also made an important contribution to differentiation of the wines. The incorporation of Loureira wine (32%) to the blend with Albariño wine (AL-LO-CB) led to a higher concentration of terpenes and C 13 -norisoprenoids because of the importance of those families to the Loureira volatile composition, mainly represented by linalool (Fig. 2a) . In contrast, 50% of Loureira wine in the blend with 50% of Caiño Blanco wine (LO-CB) resulted in higher concentrations of terpenes and C 13 -norisoprenoids compared with the other blended wines (48:32:20 AL-LO-CB and 35:35:30 AL-LO-GO), with Loureira contributing a minor proportion (32% and 35% respectively).
CONCLUSIONS
This study has demonstrated the effects of blending on the volatiles of Albariño and Loureira wines. Wines obtained from blending led to changes in volatile composition, increasing the content of some volatile compounds. However, monovarietal Loureira and Albariño wines showed the highest total volatile concentrations. Monovarietal Loureira wines exhibited the highest content of volatile compounds, characterised by higher levels of terpenoids, especially linalool. Therefore, wine obtained from blending with Loureira showed increases in the concentrations of terpenes + C 13 -norisoprenoids. The OAV analysis indicated the aromatic superiority of Loureira single wines and 50:50 Loureira-Caiño Blanco blended wines vs. Albariño and the other blended wines. Blended wines with a high proportion of Loureira are likely to have more complex aromas. Loureira blended with Caiño Blanco or in combination with other wines proved to be suitable for blending, as judged by the increase in the varietal composition of the wines.
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